Abstract: Close to the border with Sudan, Ethiopia is currently building the largest hydroelectric power plant in Africa with a storage volume corresponding to approximately 1.5 years of the mean discharges of the Blue Nile. This endeavor is controversially debated in the public and the scientific literature. Contributing to this discussion, by shading some light on climate change issues, an eco-hydrological model, equipped with a reservoir module, was applied to investigate downstream hydrological impacts during filling and regular operation, the latter considering climate change projected by an ensemble of 10 global and regional climate models. Our results show that at the earliest after 20 months, the dam could produce hydroelectric power. Full supply level may be reached after four years or not at all, depending on filling policies and assumptions of seepage rates. Under recent hydro-climatic conditions, the dam may produce 13 TWh −a , which is below the envisaged target of 15.7 TWh −a . The ensemble mean suggests slightly increasing hydropower production in the future. Almost independently of the operation rules, the highly variable discharge regime will be significantly altered to a regime with almost equal flows each month. Achieving a win-win situation for all riparian countries requires a high level of cooperation in managing the Eastern Nile water resources.
Introduction
The Blue Nile River has its source in the Ethiopian Highlands in the Lake Tana catchment. These highlands are considered as the water tower of East Africa providing Ethiopia with an estimated hydropower potential of 45,000 MW [1], which is the second largest potential in Africa after the DR Congo. Yet, in 2001, only 3% of this potential had been developed [2] , and only 13% of the Ethiopian households had access to electricity [3] . Due to an electricity access program, established in 2005, the number of households in rural towns and villages connected to the grid increased to over 40% in 2011 [1, 3] , but one year later, Ethiopia had 57 kWh per capita and year, still at a very low consumption level, where the global average is 7000 kWh per capita and year [4] . To meet the growing electricity demand that increased with improved access and challenged the provision, Ethiopia's power corporation commissioned three large hydropower plants in 2010 with a capacity above 2000 MW [1] . In the course of the Climate-Resilient Green Energy strategy, the Ethiopian Government is planning to expand its hydroelectric capacity further [5] and to become a regional power hub [1] , by implementing several hydropower projects and building power transmission and distribution lines to neighboring countries [4] . A major step in this regard was the announcement in 2011 to construct the largest reservoir in Africa near the border to Sudan [6] , the Grand Ethiopian Renaissance Dam (GERD), Scenarios are thus the only suitable method to capture the range of uncertainties of these unknown variables in order to answer the following questions that are central to our research: (1) How will dam operations alter the natural flow regime (annual cycle) of the Blue Nile River? (2) What impacts on downstream discharges can be expected during the reservoir filling process? (3) What are the implications of different reservoir operation strategies for hydroelectric power generation assuming historical and future climatic conditions projected by an ensemble of ten climate models? By answering these questions, it is intended to provide some useful information on possible operation strategies that may reduce negative environmental impacts by satisfying water resources use of the involved countries of Ethiopia, Sudan and Egypt.
Materials and Methods

Study Area
The main focus of this study is on the GERD that is currently under construction and is located in Ethiopia at the Blue Nile River approximately 40 km upstream from the border to Sudan. The surface area of the reservoir will cover an area of about 1874 km 2 with a length of 246 km at Full Supply Level (FSL) and an area of about 606 km 2 at Minimum Operating Level (MOL) [8] . The maximal fall height will be 133 m, and the maximum storage capacity amounts to 74 BCM, with an active storage volume of 59.22 BCM [8] . To investigate different filling and operation strategies and their impact on the downstream flow regime under recent and future climates, a semi-distributed eco-hydrological model was calibrated and validated for the Upper Blue Nile catchment (UBN) that simulates inflows into the GERD and includes a reservoir module to simulate filling and release processes. The Blue Nile River rises in Lake Tana in the Ethiopian Highlands, and the catchment area of the UBN delineated in this study covers an area of 172,000 km 2 (see Figure 1) . The flow regime of the UBN in Ethiopia is still largely natural with a high seasonal and inter-annual variability [20] . 
Data
The data required to conduct the simulations in this study are data to parameterize the reservoir module with GERD characteristics and data to set up, calibrate and validate the hydrological model. The basic information about the dam and its reservoir properties were taken from the International Panel of Experts (IPoE 2013) [8] and are reported in Table S1 in the Supplement. Missing information not provided in the report are rating curves relating lake water level, volume and area. These values were derived from the SRTM digital elevation model [22] using the GRASS GIS module r.lake, which computes the water volume and flooded surface area at given water levels at a defined point, the GERD outlet in this case. Values in between the given water levels are linearly interpolated. The hydrological model requires daily weather data and information on soil properties, topography and land use/cover. The source of weather variables in the period 1960-1999, such as daily precipitation, temperature and solar radiation, are the gridded Watch Forcing Data (WFD) with a spatial resolution of 0.5 degrees [23] , which are based on ERA40 reanalysis [24] . To delineate the UBN and its sub-basins, the SRTM DEM at 90-m horizontal resolution was used [22] . Soil properties were derived from the Harmonized World Soil Database [25] , and information on land use/cover was taken from GLC2000 [26] .
Climate Models
To investigate the potential impact of climate change on the management of the GERD, an ensemble of four downscaled and bias-corrected global Earth System Models (ESMs) and six Regional Climate Models (RCMs) was used (see Table S2 in the Supplement). The downscaling and bias-correction method applied to ESMs is described in Hempel et al. (2013) [27] and the method to bias-correct the Coordinated Regional Climate Downscaling Experiment (CORDEX) RCMs in Liersch et al. (2016) [28] .
Four of the six RCMs in the ensemble used in this study are Bias-Corrected (BC) and two are Uncorrected (UC), because their performance was higher than their BC counterparts. Model performance is analyzed and their selection criteria described in Liersch et al. (2016) [28] . In this study, only climate projections of the Representative Concentration Pathway (RCP) 8.5 are used, because the change signals and magnitudes are more pronounced than in the other RCPs. According to van Vuuren et al. (2011) [29] , RCP 8.5 represents the highest emission scenario with a rising radiative forcing pathway leading to +8.5 W·m −2 and~1370 ppm CO 2 eq by 2100, where no stabilization in global GHG emissions is assumed.
Hydrological Model
The Soil and Water Integrated Model (SWIM) is a semi-distributed eco-hydrological model used to investigate the impacts of climate and land use changes on the water balance and the natural and cultivated vegetation in medium and large-scale river basins. SWIM was developed by Krysanova et al. (2005) [30] on the basis of the Soil and Water Assessment Tool (SWAT) [31] and MATSALU [32] models. An overview of worldwide SWIM applications is provided by Krysanova et al. (2015) [33] . It implements physics-based processes and empirical approaches. All hydrological, nutrient and vegetation processes are simulated at the daily time step at the smallest entity, the Hydrological Response Unit (HRU), representing areas with similar land use/cover and soil properties within each sub-basin. There is no lateral interaction between HRUs, but the area-weighted HRU fluxes are added at each sub-basin outlet and routed through the river network to the catchment's outlet. Potential evapotranspiration ET p can either be estimated in SWIM using the Priestley-Taylor method or the Turc-Ivanov approach [34] , where the latter was applied in the study at hand. Actual evapotranspiration ET a on vegetated and bare land surfaces can be limited by soil water availability, while evaporation from an open water surface is assumed to be unlimited and therefore equals ET p (see Equations (1) and (2)):
where c mo represent monthly correction factors (see Table 1 ), R is the solar radiation in J/cm 2 , T is the mean daily air temperature in • C and rh the relative humidity in %. [35] developed a reservoir module that is an integral component of the SWIM model. It simulates reservoir storage and release processes during filling and regular operation and allows one to compute Hydroelectric Power Production (HPP) and to investigate the impacts of different management strategies on downstream discharges. Two storage types are considered, the dead storage DS and the active storage AS. The DS is normally the unmanaged volume below the base outlet. The AS is the reservoir volume that can be managed by active filling and release depending on its purpose. In the model, it is possible to define monthly thresholds of minimal flows to be released downstream during the filling of the DS and AS.
Three operation rules are implemented to manage downstream discharges of the reservoir. The first option allows one to operate a reservoir to release daily minimum discharges to meet environmental targets downstream. In the second option, daily release is based on firm energy yield of a hydropower plant where the release to produce the targeted energy is calculated depending on the actual water level. This rule was used to simulate the GERD. The third option was implemented to simulate discharges from a natural lake where the release depends on the current water level of the lake assuming a static outlet at a given elevation. This option was used to account for the storage effect of Lake Tana in the Blue Nile headwaters.
In order to simulate hydropower generation at the reservoir, some characteristics of the hydropower plant are required: head, turbine flow capacity, and the efficiency of the turbines. The daily HPP in kWh is calculated as follows:
where η is turbine efficiency (dimensionless), ρ is the density of water (g·cm −3 ), Q is discharge (m 3 ·s −1 ) (considering the maximum turbine flow capacity), h is the effective head (m) and g the acceleration due to gravity (m·s −2 ). The actual reservoir area, volume and water levels are changing on a daily basis depending on inflows, reservoir release and losses due to evapotranspiration, seepage and withdrawals. The latter is not accounted for in this study, assuming no losses via withdrawals for irrigation or other purposes, because related data are not reported in available documents and are officially not envisaged. Reservoir release is determined by operation rules that are defined separately for the filling period and regular operation. Actual evapotranspiration from the reservoir area ET Res is determined by the area-weighted sums of the lake's open water surface evaporation ET p and actual evapotranspiration from the land area ET a (not permanently inundated reservoir area). Both ET p and ET a depend on the actual filling state of the reservoir. The daily seepage rate is computed as a user-defined fraction of the current total storage volume. A share of the seepage volume can either contribute to shallow groundwater flows downstream of the reservoir or the total volume is allowed to percolate into the deep groundwater storage.
Scenarios
Discharges released from a reservoir are determined by strategies during filling and regular operation. These strategies, in turn, depend on various factors, such as targets for HPP, inflows into the reservoir (depending on hydro-climatic conditions and upstream land and water management), losses by seepage, evapotranspiration from the reservoir area ET Res and withdrawals. In the case of the GERD, many of these variables are uncertain. Therefore, scenarios are employed to capture these uncertainties and to account for the interdependency of some processes. Reservoir storage losses via seepage and ET Res depend, for example, not only on environmental conditions, but also on operation rules. The higher the volumes kept in the storage, the larger is the lake's surface area and the higher the evaporative and seepage losses.
The seepage volume Seep is calculated based on a user-defined seepage rate sr expressed as a fraction of the actual storage volume V act .
Low, medium and high seepage rates are represented by sr = 10 −5 , sr = 10 −4 and sr = 10 −3 . The suffixes "01", "02" and "03" in the scenario names used in the following denote "low", "medium" and "high" seepage rates. The high seepage rate scenario was included, because Noureddin (2013) [13] assumes that, due to rock formations, seepage losses may amount to 25% of the actual storage volume.
The first set of scenarios is used to investigate the filling process under different assumptions of monthly minimal discharges to be released downstream, different seepage rates and whether the reservoir is filled during a wet or dry hydro-climatic period (see Section 2.6.1). The second set of scenarios investigates the impact of five operation strategies on downstream discharges and HPP once the GERD is online (see Section 2.6.2). Both applications, the filling and the operation scenarios, are based on hydro-climatic conditions in the period 1960-1999. The first year is used as a warm-up period for the hydrological model and is therefore not considered in the analyses.
Filling Scenarios
Three reservoir filling scenarios are considered where monthly minimal flows released downstream Qmin (m) correspond to monthly Q 75 , Q 50 and Q 25 discharges. The numbers in the subscript indicate monthly exceedance probabilities of 75%, 50% and 25% and were calculated based on simulated discharges at gauge El Diem in the period 1961-1999. Where average monthly volumes are released by the rule Qmin (m) = Q 50 , downstream discharges would be comparable to a hydrological drought occurring every fourth year if the Qmin (m) = Q 75 rule is applied. The time required to fill the reservoir would be shorter in the latter case and would be the longest with the Qmin (m) = Q 25 rule. Every Qmin (m) scenario was simulated with the three seepage rate assumptions, resulting in nine filling scenarios.
Due to the high seasonal and inter-annual variability of rainfall in the UBN, it matters whether the filling process would start in a wet or in a dry hydro-climatic period. Thus, the nine filling scenarios were simulated starting under wet (1960s) and dry (1980s) conditions.
Operation Scenarios
To investigate the likely impacts of the GERD on downstream discharges and HPP, five operation rules with different objectives were tested (see Figure S1 in the Supplement):
1. eco_mgt: Operation is aimed at representing the natural flow regime to a certain extent with peak flow during flood season (August) and lower flows in the dry season; if inflow and hence volume/water level are high, released discharges are also high; if reservoir volume is low, discharges and HPP are reduced depending on the season 2. hpp_1500MW_a: Operation is aimed at HPP of 1500 MW independent of season; if reservoir volume is low, released discharges and HPP are reduced depending on the season; only if AS is at full capacity, discharges and HPP are higher 3. hpp_1500MW_b: Operation is aimed at HPP of 1500 MW if AS < 50%; if reservoir volume is low, discharges and HPP are reduced depending on the season; increasing HPP if AS > 50%, reaching 2100 MW if full 4. hpp_1700MW: Operation is aimed at HPP of 1700 MW independent of season; if reservoir volume is low, discharges and HPP are reduced depending on the season; only if AS is at full capacity, discharges and HPP are higher 5. hpp_1800MW: Operation is aimed at HPP of 1800 MW independent of season or reservoir volume; only if AS is at full capacity, discharges and HPP are higher
All operation scenarios were simulated with the three seepage assumptions, resulting in 15 operation scenarios. To assess the impact of the operation rules on the hydrological regime of the Blue Nile River, operation scenario discharges are compared with reference discharge simulations in the period 1961-1999. Changes of inter-annual variability and extremes are investigated by analyzing exceedance probabilities EP, such as Q 90 and Q 10 discharges. Alterations of the annual cycle of discharges are shown by using the Pardé coefficient PC, where mean monthly discharges MQ m are divided by the annual mean MQ.
HPP potentials of the scenarios are described by the average annual production HPP mean , firm energy yields considering daily EPs of 90%, 95% and 99%, the standard deviation of daily HPP SD HPP and the coefficient of variation of daily HPP CV HPP .
The hpp_1500MW_01a operation scenario is also analyzed using climate projections of the climate model ensemble in the period between 2020 and 2099.
Results
Climate Model Performance
The climate model ensemble used in this study shows a good performance considering average monthly precipitation and mean temperature inputs in the historical period. Figures 2 and 3 show that the ensemble median represents almost perfectly the climate input of WFD that was used to bias-correct the climate models and to calibrate and validate the hydrological model. The ensemble range is adequate for both variables.
However, deficits with regard to daily maxima or the number of rainy days, etc., and their impacts on discharge simulations are discussed in Liersch et al. (2016) [28] . 
Calibration and Validation
The eco-hydrological model SWIM was calibrated (1981) (1982) (1983) (1984) (1985) (1986) ) and validated (1987) (1988) (1989) (1990) (1991) (1992) for the gauge El Diem and calibrated based on limited available discharge data at Lake Tana (1969) (1970) (1971) (1972) (1973) (1974) (1975) and for the catchment defined at gauge Kessie (1976-1979) using WFD climate data. The locations of the gauges are shown in the case study map (Figure 1 ). The objective functions used to measure the performance of discharge simulations at the monthly time step are the coefficient of correlation (R 2 ), the Nash-Sutcliffe Efficiency (NSE) [36] and the percent bias (PBIAS). Daily observed discharges were not available in this study. Note that the same model setup, only slightly re-calibrated for this study to achieve better PBIAS values, was already used by Liersch et al. (2016) [28] to assess the impacts of climate change and bias-correction on the hydrology in the UBN. The annual cycle is well represented in both periods with an average deviation of −1.2% and R 2 of 0.98 during calibration and a PBIAS of −9.3% and R 2 of 0.99 during validation; Figure 4a ,c. In both cases, the model tends to slightly underestimate discharges after the peak in August. The performance of the monthly time series is very good in both periods (R 2 of 0.95 and NSE of 0.89); see Figure 4b ,d. Given this performance, the model can be expected to provide reliable discharge data as inputs to the GERD. Moreover, Figure S2 in the Supplementery Meterials shows that the model performs also well in the 1960s and 1970s, decades characterized by wetter hydro-climatic conditions than the period used to calibrate and validate the model. 
Reservoir Filling
Dead Storage
Depending on monthly minimal flows to be released downstream Qmin (m) and considering the losses by ET Res and seepage, the time required to fill the DS of the reservoir (14.8 BCM) is between eight months and 2.6 years under wet hydro-climatic conditions and up to almost eight years under dry conditions. The losses from the reservoir storage as percentage of average annual inflows via seepage can range between 0.1% and 32% and between 6.5% and 8.7% from ET Res . Corresponding values are provided in Table 2 . Note that the seepage rate is only a scenario assumption used to account for the uncertainties of this unknown variable.
Active Storage
Once the DS is filled, the filling of the AS (59.2 BCM) starts. Figure 5 shows the 18 filling scenarios of the AS. The nine scenarios starting under wet hydro-climatic conditions are shown in blueish colors and the nine scenarios starting under dry conditions in reddish colors. As it is unknown at what filling state or operation level the reservoir will be taken into regular operation, the figure provides the point in time (in years) when the AS achieves a certain percentage of filling for each scenario. The time required to fill the DS is included here.
On condition that average annual discharges released downstream would be comparable to a drought occurring every fourth year (Qmin (m) = Q 75 ) and assuming low seepage rates under wet hydro-climatic conditions, the minimal time required to reach an operation level would be 1.6 years (1.9 years) assuming 30% or (50%) of AS filling. If the filling process would start under dry hydro-climatic conditions, it may take up 2.6 years to reach 50% filling. Assuming high seepage rates, the time to fill the AS ranges between 1.7 years (2.7 years) under wet hydro-climatic conditions and 4.7 years (8.6 years) if the filling process would start under dry conditions (see Table 2 , columns entitled Op 30% Op 50% ).
If average monthly discharges (Qmin (m) = Q 50 ) would be released during the filling process, the GERD could reach its operation level earliest after 3.6 years (assuming low seepage rates and wet conditions and Op 30% ), after 7.5 years (assuming medium seepage rates and Op 50% ) or after almost 20 years assuming high seepage rates (under dry hydro-climatic conditions and Op 30% ). An operation level of 30% of AS filling would not be reached after 20 years in any scenario where minimal discharges to be released downstream correspond to Qmin (m) = Q 25 . Hence, the most limiting factor for reservoir filling is Qmin (m) .
Full Supply Level (FSL) can be achieved earliest after 3.8 years on condition that Qmin (m) = Q 75 with low or medium seepage rates during a wet period. According to Wheeler et al. (2016) [18] , the earliest time when FSL may be reached is during the flood of the third year of the filling process. However, with Qmin (m) = Q 50 , it may take up to 11 years, and with a release rule where Qmin (m) = Q 25 , FSL is never reached at all within 20 years (see Figure 5) .
The last two columns in Table 2 (In-Out) indicate the deviation between average annual inflows and outflows in the first ten years of the filling period. In some scenarios, the values are influenced by regular operation if the operation level of 50% was reached before the end of the tenth year. The results show that the reduction in flows can be a large fraction of inflows ranging between 5% and 44%.
Comparably low values (5-13%) occur only in Qmin (m) = Q 25 scenarios where an operation level of 50% is never reached. With the Qmin (m) = Q 50 release rule, reservoir outflows would be reduced by 10-19% during the filling period. 
Reservoir Operations
Impacts on Discharges
Dam operation strategies can have major impacts on seasonal discharge patterns, particularly in simple pluvial regimes like the Blue Nile River, characterized by one peak discharge season and a low flow period. Figure 6a shows the impact of the operation scenarios on the annual cycle of discharges using Pardé coefficients (Equation (5)) and on average monthly discharges for scenarios with low seepage rates (Figure 6b) . Unsurprisingly, all HPP scenarios show an increase of discharges during the dry period (November-May) of up to 300% (from around 500-1500 m 3 ·s −1 ) and a decrease of average monthly discharges during the rainy season from maximal 5200 m 3 ·s −1 down to 1500 m 3 ·s −1 in August, where discharges are used to re-fill the reservoir. Due to the large over-year storage capacity of the GERD, the reservoir could be managed in such a way as to release almost the same amount of water during each month of the year. This would change the highly seasonal and natural discharge regime into a completely balanced system (HPP scenarios). Exceptions where discharges higher or lower than the MQ are released can either occur during wet periods when the reservoir is already at FSL and the flood peak is directly routed through the reservoir or during consecutive drought years when the water level drops significantly. Only the eco_mgt scenario preserves the annual cycle in a certain way, although discharges during the low flow period would increase considerably by about 100% (from 500-1000 m 3 ·s −1 ) and the peak in August would be reduced from 5200 m 3 ·s −1 to about 2900 m 3 ·s −1 and shifted to September. Furthermore, the GERD will reduce the inter-annual variability of discharges. Given the huge capacity of the GERD, this is not surprising. The most obvious simulation result is that years with high MQs decrease significantly, where the higher the seepage rates, the stronger the decrease (Figure 7 ). The hpp_1800MW scenarios are an exception here. Assuming low seepage rates, years with low and extremely low MQs would occur less often. However, in the case of the medium and high seepage rate scenarios, years with low MQs are very likely to increase and are thus indicating a high sensitivity to seepage losses, which are not considered in other studies.
Besides the reduced inter-annual variability, daily dynamics are also significantly impacted. The Q 90 discharges (low flows) will increase from about 230 m 3 ·s −1 to 800-1250 m 3 ·s −1 and Q 10 (high flows) decrease from 4500 m 3 ·s −1 to 1450-2900 m 3 ·s −1 in all scenarios, except in the hpp_1800MW scenarios, where the low flow index is lower than in the baseline simulation; see Table 3 .
The impact of the GERD on the quantity of discharges released downstream is determined by losses via seepage and ET Res . The evaporative losses from the reservoir surface area are on average 5.6 mm −d in the reference period, which amounts to approximately 2044 mm −a . Relative to the volumes flowing into the GERD, these losses correspond to 7.3-7.9% (see Table 3 ). In the most optimistic case, the total losses (ET Res + Seep) might be around 8% of average inflows, but could amount to almost 33% considering high seepage losses. Assuming medium seepage rates, the total losses would amount to about 15-16% of inflows. Rainfall onto the reservoir's surface area contributes with 2.2 BCM −a to the climatic water balance (CWB), reducing the losses from the storage considerably.
In the annual average, the CWB is −1.6 BCM −a corresponding to 3.4% of inflows. Hence, the GERD would reduce the MQs by 3.4%, not including the losses by seepage. In the worst case, the total losses may constrain dam operation strategies and should therefore not be neglected as a possible scenario.
Over the simulation period with reference climate of the years 1961-1999, the percentage of time (days) where the AS is filled by 50% or more during regular operation is between 32% (eco_mgt_01) and 53% (hpp_1500MW_01a) assuming low seepage rates; meaning the reservoir is on average hardly half-full or half-empty, respectively. Notes: 01 = low; 02 = medium; 03 = high seepage rates. 1) % of days where AS is at least half full.
Hydropower Production
The envisaged electricity generation of the GERD is 15,692 GWh −a with an installed capacity of 6000 MW to generate peak power [8, 18] . To meet this electricity target, 1817 MW would have to be produced on average. Table 4 and Figures 8 and 9 show characteristics of HPP applying the five operation rules and assuming three seepage rate scenarios. The first column in Table 4 shows the average production in GWh −a and MW in the period 1961-1999. The second and third columns indicate the variation of the HPP time series using the standard deviation SD HPP and the coefficient of variation CV HPP . The last three columns characterize the level of firm energy yields assuming exceedance probabilities (EP) of 90%, 95% and 99% of the daily HPP time series. For the wet and dry hydro-climatic conditions, the data are shown in Tables S3 and S4 in the Supplement. In scenarios with similar seepage rates, the operation rules do not have significant impacts on average HPP. In the case of low seepage rates, the annual HPP is around 13 GWh −a in all scenarios and between 11 and 11.5 GWh −a assuming medium seepage rates. The hpp_1800MW scenarios are an exception. From an economic or engineering perspective, continuity (variability) and reliability (firm yields) of electricity supply are usually more important than average annual HPP. Taking these indicators into account, the operation rules have a large impact on the performance of HPP.
Although average HPP is comparable among the scenarios, the eco_mgt and the hpp_1800MW scenarios show much higher variations throughout the year with standard deviations > 0.5 * HPP mean and considerably lower EP values. The highest EP values are achieved in the hpp_1500W_01a scenario with an EP 99 of 801 MW, meaning that a daily minimal production of 801 MW is guaranteed for 99% of the days. The hpp_1500MW_01b and hpp_1700MW_01 scenarios are in the same order, whereas the EP 99 in the eco_mgt scenario is only 602 MW. An operation rule targeting at an average electricity production of 1800 MW leads to many failures in the simulations. For~3% of the days, no electricity production is simulated at all, because the active storage falls dry due to rather high release during the wet season.
Another interesting fact, clearly visible in Figure 8 , is the impact of hydro-climatic conditions on the reliability of HPP, particularly in scenarios with low seepage rates. In wet periods, like in the 1960s and 1970s, there are either no or only a few events where HPP drops below the target in the hpp_1500MW_01 and hpp_1700MW_01 scenarios, whereas in the drier 1980s and 1990s, those events occur more frequently. With release rules targeting at a production of 1500 MW and 1700 MW, a rather stable electricity generation could be achieved throughout the year. Assuming medium seepage rates, the average production is around 1300 MW (Figure 9 ). The maximal simulated daily HPP value in the reference period is 5986 MW, which is almost the maximal capacity and only reached at FSL. The value exceeded in 10% of the days is between 1500 MW and 1800 MW. Based on reference climate, the target of 15,692 GWh −a is never reached on average in the simulations, although it can be topped in extraordinary wet years. The maximal average annual simulated generation is 14,252 GWh −a (91% of the target) under wet hydro-climatic conditions between 1961 and 1980 in scenario hpp_1500MW_01a (see Table S3 in the Supplement). Under rather dry hydro-climatic conditions, as in the years between 1981 and 1999, the highest simulated average value is 11,793 GWh −a (75% of the target); see Table S4 in the Supplement. Figure S3 in the Supplement shows the reservoir filling, inflows and HPP using climate model input in the reference period and operation scenario hpp_1500MW_01a (low seepage rates). The ensemble mean of average HPP is in the same order as simulations based on WFD. However, the model spread is rather large (1050 MW-1695 MW). Most of the models provide comparable boundary conditions with wet and dry periods leading to highly variable inflows and storage filling states (as simulated with WFD). Exceptions are the HadGEM, MIROC and NorESM/RCA4 models that are characterized by lower filling variability and where FSL is never reached. The other models have a tendency toward a wet bias with higher inflows and consequently higher HPP. 
Climate Change Impacts
As discussed in Liersch et al. (2016) [28] , the characteristics and performance of discharge simulations using climate model input are diverse. Where non-extreme discharge conditions (between Q 20 and Q 80 ) are usually represented adequately in the reference period, particularly by models selected for this study, high and low flows, as well as their extremes are often overestimated or underestimated, respectively. As explained by Sippel et al. (2016) [37] , such phenomena can result from deficiencies of bias-correction methods applied to climate model simulations, which do not adequately correct precipitation biases in higher and lower percentiles.
Relative to the historical period, the median of the ten climate models projects an increase in average annual precipitation by 54 mm −a (+4%) in the near future and up to 70 mm −a (+5%) in the far future. Average annual temperature may increase by 1.9 K in the period 2030-2059 or by 4.5 K in the period 2070-2099 (see Table S5 and Figures S4 and S5 in the Supplement). As a consequence of increasing precipitation in the UBN, discharge simulations are projected to increase, as well, as was also shown by Liersch et al. (2016) [28] using an ensemble of (five ESMs and 10 RCMs) and two climate scenarios (RCP 4.5 and 8.5). It was also found that the models show a small shift in seasonality of discharges, with a drying trend in July slightly extending the dry season in the far future and a wetter trend between August and November.
Where the drying in July is not visible in simulated reservoir inflows and outflows ( Figures 10 and 11 The ensemble range indicates that uncertainties related to climate model input can be rather large in the historical period. Mean annual inflows are in the range between 38 BCM and 54 BCM, mean outflows between 36 BCM and 52 BCM, mean reservoir evapotranspiration between 3.7 BCM and 4.0 BCM, and average annual HPP between 9190 GWh and 14,850 GWh. Unsurprisingly, the uncertainties of projections increase in time showing higher model ranges in the far future (2070-2099, Figure 11 ) than in the near future (2030-2059, Figure 10) . Table 5 shows average annual water balance parameters for ET Res , Seep, precipitation onto the reservoir surface area Pr GERD , the climatic water balance CWB, inflows and outflows and the hydropower results for mean HPP and exceedance probabilities (EP) of HPP. The values are based on the hpp_1500MW_01a scenario assuming low seepage rates. They represent average simulation results based on WFD ) and the climate model ensemble in the historical period , where numbers in brackets denote absolute changes between the far future (2070-2099) and the model's historical period. The values in columns "min", "mean", "median" and "max" represent the range of the model ensemble (averages of each model over the respective period). Average annual inflows (multi-model mean) are, for instance, projected to increase by 5 BCM outbalancing the increasing losses from ET Res (0.1 BCM) and consequently leading to higher HPP yields (+651 GWh −a ). Note that the losses by ET Res in the historical period correspond to 8% of inflows, but rainfall onto the lake contributes 2.2 BCM −a resulting in a climatic water balance of −1.6 BCM −a or 3.4% of average annual inflows. This fraction is not projected to change significantly in the future. 
47. However, the multi-model median shows a slightly different picture than the multi-model mean. The trends of the water balance parameters are similar, but less pronounced for inflows and outflows, which increase only by 0.4 BCM −a instead of 5 BCM −a . Noticeably, HPP potentials decrease by 341 GWh −a , although the absolute median value is still higher than the mean.
The state of reservoir filling, inflows and HPP over the simulation period 2020-2099 is shown for each climate model separately in Figure S6 in the Supplement. The simulations based on the ten climate models can show very different behavior in terms of inflow variability, impacting HPP and reservoir filling states. As in the reference period, the projections of all models indicate that future Blue Nile discharges are expected to be highly variable, with consecutive dry and wet years, but rather different lengths and magnitudes. Some simulations based on RCMs tend toward very extreme peak discharges accompanied by years with low discharges. Another phenomenon, which makes the interpretation of changes in time difficult, is that a wet period might be simulated by a couple of models, for instance in the period 2080-2099 ( Figure S6d,f,g ), whereas the same period is projected to be comparably dry by other models (Figure S6a,c,e,h) .
Assuming a change of average annual HPP of ±5% between the reference and future period to be not significant and all values below or above as negative or positive change, respectively, five models do not project significant changes, three models positive and two models negative changes in 2030-2059. In 2070-2099, only one model projects no significant change, six models positive change and three models negative change of HPP production. Speaking of a clear trend is thus not really justifiable although a slight tendency towards an agreement of higher HPP potentials exists, particularly in the far future ( Figure S7 shows the ascending sorted annual HPP of each model in the three 30-years simulation periods). 
Discussion and Conclusions
Filling Scenarios
The construction of the GERD at the Blue Nile River in Ethiopia will be finished in the coming years, and the process of reservoir filling will therefore start soon. According to the simulations conducted in this study, the filling of the dead storage DS with a capacity of 14.8 BCM may take at least half a year, but could endure up to about eight years. The final duration depends basically on filling strategies (minimal discharges to be released downstream), inflows (depending on hydro-climatic conditions during filling) and on losses from the reservoir due to evapotranspiration and seepage, where the latter are difficult to quantify. Where simulated evaporative losses during the filling process correspond to 6.5-8.7% of average annual inflows or 3.8 BCM −a , seepage losses are negligible if assumed to be low, but could amount to 24-32% of inflows if assumed to be high. The contribution of rainfall onto the reservoir's surface area is not negligible and reduces the losses of ET Res to 3.4% of average annual inflows, because the climatic water balance of the reservoir is −1.6 BCM −a .
Mulat and Moges (2014) [21] argue that there will be only a small impact during a six-year filling period on irrigation management of the High Aswan Dam (HAD) in Egypt. According to Whittington et al. (2014) [7] , the filling of the GERD may adversely affect Egypt if it takes place in a sequence of dry years. In this case, the agricultural water demands might be higher than the water supply. Based on the results generated in this study, the reduction of Blue Nile flows during the filling process might be considerable, and Sudan and Egypt may face shortages of water supply. However, the severity of shortages will depend on filling strategies (minimal flows released) and hydro-climatic condition, such as rainfall in the Upper Blue Nile catchment, and the amount of storage losses via evapotranspiration and seepage. With a release rule that corresponds to monthly Q 50 discharges, the flows might be reduced by 10-19% compared to average flows during the reference period. Releasing discharges corresponding to Q 75 during the filling period may produce a drought that would normally occur every fourth year, and the reduction may be in the order of 16-44%. To minimize the number of years with low discharges downstream, an alternative to these two scenarios could be a rule releasing monthly Q 25 discharges to fill the DS, taking up to almost eight years while cutting the flows by only 5-13% and changing the strategy under regular operation afterwards. This strategy would be in line with the assumption that water shortages in the range between 5% and 15% would be the maximum allowable amount for Egypt [15] .
Regular Operation and HPP
The point in time when the GERD can start its regular operation depends on the targeted filling level of the active storage AS and the same processes that apply to fill the DS. Based on the scenarios investigated in this study, the GERD may be taken into regular operation after less than two to five years assuming an operation level of 30% of the AS. In case the GERD starts operation when the AS is half-full, it may take 2.5 years to almost nine years. Full supply level may be reached earliest after about four years assuming that monthly discharges released downstream correspond to Q 75 and low to medium seepage losses. With a release rule of Q 50 , it may take up to 11 years or will never be reached at all if discharges corresponding to Q 25 are released, independently of the seepage rates. Regarding the increasing temperature (between 3.0 to 6.5 K) at the end of the 21st Century [28] , this is unexpectedly low. However, the model range is between 4.9 mm (1788 mm −a ) and 6.2 mm (2267 mm −a ). Note that the climatic water balance CWB reduces the losses of ET Res considerably to −1.6 BCM −a . The CWB projected by the model ensemble is in the range of −1.3 BCM −a and −2.7 BCM −a in 2070-2099 and does not significantly change compared to the reference period. In the low seepage scenario, losses are almost negligible and are comparable to evaporative losses assuming medium seepage rates, but can amount to~25% assuming high seepage rates. The latter is controvertible, but was taken into consideration, because due to rock formations, Noureddin (2013) [13] assumes seepage losses of 25%. Nevertheless, an unknown, but possibly large fraction may contribute to groundwater discharges downstream and would thus not necessarily be considered as a loss from the hydrological system, but as a loss for HPP.
According to the simulations investigated in this study, the GERD reservoir will be on average half-full, if it is operated similar to the 1500 MW scenarios. Arjoon et al. (2014) [20] come to the same results, arguing that this is a trade-off between HPP and releasing flow regulation downstream. The exploitation of the reservoir capacity is much lower in the other scenarios. The risk that the AS runs dry is only observed in the 1800 MW scenarios, where the HPP target is obviously too high, causing frequently extreme low water levels in the dry season. It does not happen in any other scenario, not even under very dry conditions in the 1980s and assuming very high seepage losses. Arjoon et al. (2014) [20] found that the reservoir may completely drain under very dry conditions, where the "very dry conditions" were not precisely defined. This situation does not occur in the climate change 1500 MW scenarios, although the models project a wide range of inflows and reservoir filling states, including a rather dry simulation (HadGEM, 1200 MW) and a rather wet simulation (EC-EARTH/RACMO >1900 MW). The results confirm that an operation rule targeting at an average daily HPP of 1500 MW is robust under various climatic conditions.
The maximum capacity of the power plants installed in the GERD will be 6000 MW with the aim to produce 15,692 GWh −a [8] . This corresponds to a production of 1817 MW. According to Beyene (2013) [14] , assuming average annual discharges of 1456 m 3 ·s −1 , the dam will provide less than 2100 MW. In the study at hand, the HPP potential was investigated by analyzing five operation rules prioritizing different aims. From an economic perspective, the most likely and reasonable target is to generate reliable and constant hydropower throughout the year. This goal could be achieved due to the over-year storage capacity of the GERD. Basically, three operation scenarios with slightly different targets of HPP show that a constant supply of about 1200 MW-1700 MW (depending on the assumptions of seepage losses and climatic conditions) is theoretically possible throughout the year. Hence, even under optimistic conditions, the target is not reached under reference climate conditions, where 13,000 GWh −a are generated on average. In the RCP 8.5 climate scenario at the end of the 21st Century, the ensemble mean projects HPP potentials increasing by 650 GWh −a , but the ensemble median a decrease by 340 GWh −a . The model range, however, is rather large, where minimal average annual HPP is~9600 GWh −a , and the maximum is~18,600 GWh −a . Compared to the model's reference climate, the potentials increase by 450 GWh −a and 3750 GWh −a in the minimal and maximal averages, respectively.
An interpretation of changes in time is difficult, because some models project a wet period, for instance in the far future, whereas the same period is projected to be dry by other models. For example, three models project increasing, two models decreasing and five models no change in HPP potentials in the near future. In the far future, only one model projects no significant change, six models a positive and three models a negative trend for HPP.
Impacts Downstream
There seems to be no consensus in the literature on whether the GERD, once online, will more positively or negatively affect the downstream countries Sudan and Egypt. Some studies emphasize the potential negative impacts of the GERD on downstream discharges and that especially Egypt will suffer from lower hydroelectric power generation potential in the HAD and reduced revenues from irrigated agriculture [15, 38, 39] . Mulat and Moges (2014) [21] estimate a reduction of 7% in electricity generation of the HAD, once the GERD is online. Taye et al. (2016) [4] on the contrary argue that, with the GERD online, the minimum annual net benefit for Sudan and Egypt may increase from $4.9-$5.6 billion in the agricultural and energy sector. Besides greater net benefits with increasing storage in Ethiopia, floods and droughts will be reduced, and the hydrological uncertainties will be nullified, particularly during low flow periods [20] . The study at hand shows that the over-year storage capacity of the GERD may balance single drought years, but would not be able to buffer consecutive drought years. After such events, Egypt may run short of water, if GERD and HAD are not carefully coordinated [7] . A high level of cooperation, particularly during reservoir filling may significantly reduce the adverse affects on Sudan and Egypt [7, 21] .
Considering the large capacity of the reservoir, which could store approximately 1.5 years of long-term average discharges of the Upper Blue Nile River, and the fact that its main purpose is the generation of hydropower, the GERD will significantly alter the discharge regime downstream. Almost independent of how the dam will be operated, drastic impacts on the annual cycle of discharges can be expected, shifting from a strong seasonal to a completely balanced regime with almost constant discharges each month. Another effect is a reduction of the inter-annual and daily variability of discharges downstream. Years with high discharges will decrease, and years with low discharges will occur less frequently, although the latter depends on reservoir losses via seepage. Assuming medium to high seepage rates, years with low discharges will either remain unchanged, compared to the situation without GERD, or may increase, respectively.
Another option to operate the GERD is to release discharges by preserving the natural discharge regime in a certain way. Although the annual cycle would be smoothed considerably by increasing discharges by 100% (from~500-1000 m 3 ·s −1 ) during the dry season (November-May/June) and decreasing peak discharges in the rainy season by 30-70% (July-September), average annual HPP would only be a bit lower compared to operation rules prioritizing HPP. However, monthly HPP production would have a much higher variability, ranging from an average of 900 MW in June to about 2800 MW in September. If Ethiopia wants to realize its plans to play the role of a regional power hub by delivering reliable electric energy to neighboring countries, the deficits in months with low HPP would have to be balanced by other sources in such a management scenario, ideally by renewable sources like wind and solar power.
In any case, the downstream countries Sudan and Egypt have to be prepared to adapt to highly altered conditions. However, there will be opportunities and risks with regard to water management and ecosystem integrity. Sudan may benefit from regulated flows enabling the vast irrigated area (Gezira-Scheme) to be reliably supplied with water throughout the year, probably to the detriment of Egypt where water volumes entering the country would be further reduced in this case [7] .
With regard to transboundary water management and water availability in the eastern Nile River basin, an interesting question is whether it makes sense to store water in regions with lower evaporative demand than in regions with higher evaporation rates. Shifting storage upstream would provide net water savings, because evaporation in the GERD is theoretically lower than in the HAD [7] . This would be particularly beneficial under projected climate change where temperature in the UBN may increase between 3.0 and 6.5 K at the end of the 21st Century compared to the period of 1970-1999 [28] . Due to the location of the GERD in a deep gorge, the surface area is relatively small compared to its volume, and the evaporative demand is lower than in the HAD [4] . Hence, water losses from evaporation in the GERD are much smaller than in the HAD [4] . Mean annual losses from both reservoirs, HAD and GERD, may be 16% less than the loss from the HAD operating alone [21] . As projected climate change adds another dimension of uncertainties on future water availability and its variability, since some models project higher other lower rainfall and discharges [40] , water storages may represent another adaptation option allowing for coordinated responses to changing boundary conditions or extreme situations [7] . Ultimately, a win-win situation can only be achieved for all riparian countries, if a high level of cooperation in managing the Eastern Nile water resources were realized.
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